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MechanismofOxidationofReducedSulfurCompoundsby
Sulfur-GrownAcidithiobaciluscaldusStrainGO-1
KazuoKamimura,RyokoSawadaandTsuyoshiSugio
(DepartmentofBiologicalFunction)
Theoxidationofreducedsulfurcompoundswasstudiedbyusingrestingcelsof
sulfur-grownAcidithiobaciluscaldusstrainGO-1.TheoptimumpHsfortheoxidation
ofthiosulfate,tetrathionate,sulfur,sulfiteandsulfidewere2,3,3-6,7and7,
respectively.Thehighestoxidationratewasobservedwithsulfite.Theoxidation
ratesofthereducedsulfurcompoundsweremeasuredintheabsenceorpresence
ofinhibitorsanduncouplers.2,4-dinitrophenol(DNP)andcarbonylcyanide-m-
chlorophenylhydrazone(CCCP)stronglyinhibitedtheoxidationsofsulfurandsulfite.
N-Ethylmaleimide(NEM)stronglyinhibitedtheoxidationoftetrathionateandsulfur.
2-heptyl-4-hydroxy-quinoline-N-oxide(HQNO)inhibitedtheoxidationofsulfurand
sulfite.Theresultssuggestedthattetrathionatewasoxidizedintheperiplasmic
space,andsulfurandsulfitewereoxidizedinthecytoplasm.Pyridineferrohemo-
chromespreparedfromthemembraneofstrainGO-1celrevealedtheinvolvement
ofcytochromesbandc.UbiquinoloxidaseactivitywasdetectedinstrainGO-1cel,
butcytochromecoxidasemeasuredbyusingmammaliancytochromecasan
electrondonorwasnotdetectedinthecel.Onthebasisoftheresultsamodelfor
themetabolismofthereducedsulfurcompoundsbyAt.caldusstrainGO-1was
proposed.
Keywords:Acidithiobaciluscaldus,acidophile,moderatelythermophilicbacterium,
sulfur-oxidizingbacterium,sulfiteoxidation
Introduction
Acidithiobaciluscaldusisamoderatelyther-
mophilicacidophilewhichwasfirstfoundin
environmentssuchascoalspoilheaps??.This
bacteriumiscapableofoxidizingreducedsulfur
compounds,butincapableofoxidizingferrous
iron.The bacterium obtains its carbon by
reductivefixationofatmosphericCO?.Theopti-
mumgrowthpHandtemperaturewas2-2.5and
45°C,respectively.At.caldusstrainGO-1was
isolatedfromthewaterofGoshikihotspringin
Hokkaido,Japan.Itisanobligatelychemolitho-
trophicsulfur-oxidizingbacterium havingapH
optimum forgrowthof2.0andanoptimum
growthtemperatureof45°C??.
At.calduswasfrequentlyfoundinbioleaching
processesoperatingattemperaturesabove40°C
andthoughttobetheprimarysulfuroxidizerin
theprocess??.WefoundthatthegrowthofAt.
caldusstrainGO-1wasactivatedinmedium
containing1mM cadmiumion??.Cadmiumionis
knowntobetoxictomostmicroorganisms.Inthe
bioleachingprocess,manyheavymetalsinclud-
ingcadmium areleachedfrom sulfidicores.
Therefore,itisimportantandinterestingnot
onlyfromascientificpointofviewbutalsofrom
theapplicatorypointofview to clarify the
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mechanismofthegrowth-activationofstrainGO
-1bycadmiumion.Theactivationofgrowthby
cadmiumionseemstoberelatedtotheoxidation
ofreducedsulfurcompounds.
Halbergetal.reportedthemechanismofthe
oxidationofreducedsulfurcompoundsbyAt.
caldusstrainKU celbystudyingtheeffectof
inhibitorsontheoxidizingactivitiesandstoi-
chiometriesofmetaboliteaccumulation??.Based
on the data,the folowing metabolism was
proposed:thiosulfatewasoxidizedtotetrath-
ionate,elementalsulfurwasformedduringthe
oxidationoftetrathionateandsulfide,andsulfite
wasfoundasanintermediateoftetrathionate
andsulfurmetabolism.
ThecharacteristicsofAt.caldusstrainGO-1
areslightlydifferentfrom strainKU.Although
strainKUcangrowmixotrophicalywithsulfur
andyeastextractorglucose,strainGO-1isan
obligately chemolithotrophic sulfur-oxidizing
bacterium.Therefore,themechanismoftheoxi-
dationofreducedsulfurcompoundsinstrainGO
-1celmaybedifferentfrom thatinstrainKU
cel.Inthispaper,theoxidationofreducedsulfur
compoundsbyrestingcelsofstrainGO-1grown
insulfurmediumwasstudiedinthepresenceor
absenceofuncouplersandinhibitors,andthe
components of cytochromes and terminal
oxidaseswereexaminedtoclarifythemecha-
nism oftheoxidationofreducedsulfurcom-
poundsinAt.caldusstrainGO-1cel.
MaterialsandMethods
Bacterium andgrowthcondition
At.caldusstrainGO-1wasusedthroughout
thisstudy.Thestrainwascultivatedinsulfursalt
medium(pH2.5),asdescribedpreviously??.
Preparationofrestingcel,cel-freeextractand
membranefraction
Celsweregrowninsulfursaltmedium(pH2.5)
ina500mlErlenmeyerflaskcontaining200mlof
themediumunderaerobicconditionat45°C.The
culturewasfiltratedthroughfilterpaper(No.2
filterpaper,AdvantecCo.,Ltd.)toremovesulfur
particles.Celswereharvestedbycentrifugation,
washedwith0.1Mβ-alanine-SO?buffer(pH3.0),
suspendedinthebuffer,andusedasrestingcels.
Celswashedwith0.1M β-alanine-SO?buffer
(pH3.0)weresuspendedin0.1M Tris-HClbuffer
(pH7.5)containing10mMMgSO?and1%glycer-
olandbrokenbypassingthroughaFrenchpress
at1,500kg/cm?threetimes.Thesolutionwas
centrifugedat12,000×gfor15min.Thesuper-
natantwasusedasacel-freeextract.Thecel-
freeextractwasfurthercentrifugedat105,000×
gfor60min.Theprecipitatewassuspendedin0.1
M Tris-HClbuffer(pH7.5)andusedasamem-
branefraction.
Assayforactivityofreducedsulfurcompound
oxidation
Theoxidizingactivitiesofreducedsulfurcom-
poundsbyusingrestingcelsweremeasured
polarographicalybytheoxygenuptakecaused
bytheoxidationofreducedsulfurcompounds
withoxygenelectrode(YSIModel5300Biologi-
calOxygenMonitor,YelowSpringInstrument
Co.,Inc.,Ohio,USA).Thereaction mixture
contained0.1M buffer,1mgofcelprotein,and
substratesina3-mlreactionvolume.Thereac-
tionwasstartedbyaddingsubstratetothereac-
tionmixtureandmeasuredat45°C.Substrate-
dependentoxygenuptakeratesinthepresenceof
inhibitorsanduncouplerswereassayedaftera
pre-incubationofthecelsuspensionfor3min
withtheinhibitorsoruncouplers.
Preparationofpyridineferrohemochromesfrom
membranefraction
A membrane fraction (3mg protein)was
homogenized with 1mlofcold acetone and
centrifugedat12,000×gfor10min,andthepre-
cipitatethusobtainedwasmixedwith1mlof
coldchloroformandmethanol(2:1).Thesolution
wascentrifugedat12,000×gfor10min,andthe
precipitatewasmixedwith1mlofcoldacetone.
Thehemesofcytochromesaandbwerethen
extractedfrom theproteinbythreesuccessive
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homogenizationswiththesolutionof0.5mlof
coldacetonein0.024NHCl.Theacetoneextract
waspooled and evaporated to neardryness
invacuo,andthenimmediatelydissolvedin60μl
ofpyridineand60μlof0.2NKOH.Theprotein
residueaftertheextractionwithHCl-acetone
retained cytochrome c.The residue was
homogenizedin30μlofpyridineand30μlof0.2
NKOH.Absorptionspectrumforeachpyridine
ferrohemochromewasmeasuredwithaBeckman
DU-65spectrophotometer.
Measurementofcytochromecoxidase
Theactivityofcytochromecoxidasewas
measuredat45°Cbythedecreaseinabsorbance
at550nmduetotheoxidationofreducedmam-
maliancytochromec(Sigma,from horseheart)
inaShimadzuUV-1200spectrophotometer.The
reactionmixturewascomposedof0.1M sodium
phosphatebuffer(pH 5.5),0.15mgofmembrane
proteinand0.4mgofreducedmammaliancyto-
chromecinatotalvolumeof1.5ml.
Measurementofubiquinoloxidase
Theactivityofubiquinoloxidasewasmea-
sured spectrophotometricaly at45°C by the
increaseinabsorbanceat275nm withaShima-
dzuUV-1200spectrophotometer.Thereaction
mixturecontained50mM MES-NaOH (pH 5.5),
30μM Q?H?,0.02% Tween20,0.15mgofmem-
braneproteininatotalvolumeof1ml.The
reactionwasstartedbyaddingQ?H?tothereac-
tionmixture.
Proteinmeasurement
ProteinwasmeasuredbythemethodofLowry
etal.withcrystalinebovineserum albuminas
thereferenceprotein??.
ResultsandDiscussion
Oxidationactivitiesofreducedsulfurcompounds
TherestingcelsofAt.caldusstrainGO-1
grown in sulfur medium had thiosulfate-,
tetrathionate-,sulfur-,sulfide- and sulfite-
oxidizingactivities.TheoptimumpHsandactiv-
itiesfortheoxidationofreducedsulfurcom-
poundsaresummarizedinTable1.pHsofperi-
plasmicspaceandcytoplasmicspaceinanacido-
philicbacteriumhavingtheoptimumgrowthpH
at2-3arethoughttobe2-3and6-7,respectively.
Judgingfrom thedataofoptimum pHsforthe
oxidationofreducedsulfurcompounds,thiosul-
fateandtetrathionatewereoxidizedintheperi-
plasm andsulfur,sulfiteandsulfidewereoxid-
izedinthecytoplasm.Theoxygenconsumption
ratewithsulfitewasthehighestamongthem.
Althoughtheoptimum pH forsulfiteoxidation
with tetrathionate-grown resting celsofAt.
caldusstrainKUcelwasreportedtobe3??,the
optimum pH forsulfiteoxidationwithsulfur-
grownAt.caldusstrainGO-1celwas7asshown
inTable1.Althoughadifferentgrowthsubstrate
wasusedineachstudy,thedifferentoptimumpH
fortheoxidationofsulfiteineachstrainsuggest-
edthatthelocationoftheenzymefortheoxida-
tionofsulfiteinstrainGO-1celwasdifferent
fromstrainKUcel.Enzymepurificationstudies
wilclarifythelocationoftheenzyme.Inthecase
ofstrainKU,thehighestactivityforreduced
sulfurcompoundsoxidationwithtetrathionate-
grownrestingcelsofstrainKU wasobserved
fortheoxidationofthiosulfateatpH3,andthe
oxygenconsumptionratesforsulfiteandsulfide
wereinthesamerangeastetrathionateand
sulfuratpH 3??.Thetetrathionate-oxidizing
activityofsulfur-growncelsofstrainGO-1
examinedinthisstudywaslowestamongthe
activitiesofreducedsulfurcompoundsoxidation.
Theresultssuggestthattheenzymefortheoxi-
dationoftetrathionateisinducible,asreported
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Table1 Optimum pHsandactivitiesofoxidationof
reducedsulfurcompoundsbyrestingcelsof
At.caldusGO-1
Oxidativesubstrate OptimumpH Activity(μlO?/min/mg)
S?O??? 2 0.9
S?O??? 3 0.1
S? 3-6 0.9-1.1
SO??? 7 2.7
S?? 7 0.2
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previously??.Tetrathionatedecomposingenzyme
waspurifiedfromtetrathionate-grownThiobacil-
lus thiooxidans and T. ferrooxidans???.The
enzymeswerereportedtobelocatedintheperi-
plasmforT.thiooxidansandinthemembranefor
T.ferrooxidans,andcatalyzedthedecomposition
oftetrathionatetothiosulfate.TheoptimumpHs
oftheenzymeswerereportedtobeboth3.Inthe
case of strain KU cel,tetrathionate was
proposedtobetransportedintothecytoplasm
andthenoxidizedtosulfur.Sincetheoptimum
pHfortheoxidationoftetrathionateinstrainGO
-1celwas3,tetrathionateseemedtobeoxidized
intheperiplasminthecel.Althoughthiosulfate
wasconvertedtotetrathionateandtheenzyme
wasinducibleinstrainKUcel,arelativehigh
thiosulfate-oxidizingactivitywasobservedin
strainGO-1cel.
Efectofuncouplersandinhibitorsonoxidation
ofreducedsulfurcompounds
Carbonyl cyanide-m-chlorophenylhydrazone
(CCCP)and2,4-dinitrophenol(DNP)areknown
asuncouplersorprotonophores.Theseagents
affected the membrane potential of
Thiobacilusacidophilum grownwithglucoseas
growthsubstrate??.AsshowninTable2,DNP
andCCCPstronglyinhibitedtheoxidationsof
sulfurandsulfiteinrestingcelsofstrainGO-1.
SincetheoptimumpHfortheoxidationofthese
compoundswasaround7,theresultssuggested
thatthesecompoundsmustbetransportedacross
themembranebeforeoxidation.DNPandCCCP
inhibitedtetrathionateoxidizingactivityslightly,
butdidnotinhibitthiosulfate-oxidizingactivity
atal.TwentyμM CCCPreducedtherateof
thiosulfate-andtetrathionate-oxidationto60%
and 55%,respectively.N -Ethylmaleimide
(NEM),knownasathiol-bindingagentandin-
hibitorofsulfuroxidation,stronglyinhibitedthe
oxidationsoftetrathionateandsulfur.Thesame
resultswerereported in many othersulfur-
oxidizingbacteria??????.Therateofthiosulfate
oxidationwasnotinhibitedby0.5mMNEM,and
wasreducedto50% at2mM NEM.Theoxida-
tionoftetrathionateinstrainGO-1celwasnot
completelyinhibitedbyCCCPandhadoptimum
pHat3.Althoughtetrathionatewasoxidizedin
thecytoplasm ofstrainKU celbecauseCCCP
stronglyinhibitedtheoxidationoftetrathionate,
theresultsobtainedwithstrainGO-1celsug-
gestedthattheoxidationoftetrathionateseemed
tooccurintheperiplasmicspaceofstrainGO-1
cel.Slightinhibitionsoftetrathionateoxidation
inthepresenceofDNPandCCCPseemedto
indicatethattetrathionatecouldbeoxidizedto
sulfurintheperiplasm,butsulfurformedcould
notbeoxidizedinthecytoplasminthepresence
ofuncouplersbecauseoftheinhibitionofsulfur-
uptake.SinceNEM stronglyinhibitedtheoxida-
tion of tetrathionate,tetrathionate may be
decomposedintheperiplasmwiththefolowing
reactioninvolvingthiolgroupsasacatalytic
region;S?O???＋1/2O?＋H?O → 2S＋2SO???＋
2H?,asdescribedbyMasauetal.???.Theoxida-
tionofthiosulfatewithstrainGO-1celwasnot
completelyinhibitedbyeitheruncouplersorin-
hibitorsandhadoptimumpH3.SincestrainGO
-1cannotgrowinthiosulfatemediumatpH2.0??,
theconsumptionofoxygenmaybeduetothe
increasedreactivityofthiosulfateatacidicpH.
Table2 Effectsofuncouplersandinhibitorsonthe
oxidation ofreduced sulfurcompoundsby
At.caldusGO-1cel
Substrate
Activity(%)??
DNP CCCP NEM HQNO
S?O??? 100 100 100 100
S?O??? 73 65 0 57
S? 10 20 0 18
SO??? 10 18 ND?? 0
S?? 27 100 93 ND
??Activitiesweremeasuredbyoxygenuptakewithoxygen
electrode,andexpressed%activityofthecontrolwithout
inhibitorsas100.
??ND;notdetermined.Folowingconcentrationsofin-
hibitorswereused:2,4-DNP;20μM,CCCP;5μM,MEM;
0.5mM,HQNO;10μM.
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StrainGO-1celgrowninsulfurmedium had
sulfide-oxidizingactivity(0.2μlO?/min/mg)and
optimumpHat7asshowninTable1.Forthis
reason,sulfidewasthoughttobeoxidizedinthe
cytoplasm.DNPreducedtherateofoxidationof
sulfideto27%,buttherateofoxidationwasnot
inhibitedbyCCCPandNEM asshowninTable
2.Althoughitwasreportedthatsulfidewas
incorporatedintothecytoplasmandconvertedto
sulfurinstrainKU cel,themechanism ofthe
oxidationofsulfideinstrainGO-1celwasnot
clearinthisstudy.2-heptyl-4-hydroxyquinoline-
N-oxide(HQNO),knownasaninhibitorofcyto-
chromebc?andubiquinoloxidase,stronglyinhib-
itedtheoxidationofsulfurandsulfite.The
resultssuggestedtheinvolvementofcytochrome
bintheoxidationpathwayofthesecompounds.
CytochromecompositioninstrainGO-1cel
Cytochromesfrom theplasmamembraneof
strainGO-1celwereextracted.Pyridineferro-
hemochromespreparedfromtheextractsshowed
absorptionpeaksat556nmand552nm,asshown
inFig.1AandFig.1B,respectively,indicating
theinvolvementofcytochromeb(Fig.1A)and
cytochromec(Fig.1B)instrainGO-1cel.The
peakforhemesawasnotclearlyobservedinthe
absorption spectra of pyridine ferrohemo-
chromespreparedfrom themembraneofstrain
GO-1cel.
TerminaloxidaseinstrainGO-1cel
In various Thiobacili and other sulfur-
oxidizingbacteria,sulfurisoxidizedviasulfite
asintermediatetosulfate??????.Oneofthepath-
waysofsulfiteoxidationinsulfur-oxidizingbac-
teriainvolvethemolybdenum-containingsulfite:
cytochromecoxidoreductase.Thereducedcyto-
chromecisoxidizedbyusingcytochromec
oxidaseasaterminaloxidase.Alternatively,
sulfitecanbeoxidizedviaanoxidativeadenyl-
sulfate(adenosine-5’-phosphosulfate;APS)path-
wayinwhichthesubstrateisoxidizedbyanAPS
reductasewithAMPandanelectronacceptor.
TheproductAPS isusedforsubstrate-level
phosphorylation.Recently,sulfite:acceptoroxido-
reductaseactivitywasdetectedintheextremely
thermophilicandacidophilicarchaeonAcidianus
ambivalenswhichdidnotinvolvedetectablecyto-
chromec,andsuggestedtheinvolvementofsul-
fite:quinoneoxidoreductasein sulfiteoxida-
tion???.Thereducedquinonecanbeoxidizedby
using quinoloxidaseasa terminaloxidase.
Nogamietal.havealsosuggestedthepresenceof
Fig.1 AbsorptionspectraofpyridineferrohemochromespreparedfromthemembranefractionofstrainGO-1.
(A)Absorptionspectraofpyridineferrohemochromecontaininghemeb,(B)Absorptionspectraofpyridine
ferrohemochromecontaininghemec.SolidlinesindicateNa?S?O?-reducedspectra.Hyphenatedlinesindicate
air-oxidizedspectra.
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ubiquinoloxidase in Thiobacilus thiooxidans
strainNB1-3???.Kamimuraetal.havepurified
ubiquinoloxidasecontainingcytochromebfrom
ThiobacilusferrooxidansNASF-1celgrownin
ironmedium anddetectedincreasedactivityin
thecelsgrowninsulfurmedium???.Themecha-
nismofsulfiteoxidationhasnotyetbeenstudied
inAt.caldus.TheeffectofAMPontheoxidation
ofsulfitewasexaminedwithcel-freeextractof
strainGO-1cel.Theoxidationofsulfitewasnot
activatedbytheadditionofAMPtothereaction
mixture.Thus,APSpathwayseemednottobe
involvedintheoxidationofsulfiteinstrainGO-
1cel.Sincecytochromea,whichisawel-known
componentofcytochromecoxidase,wasnot
clearlydetectedinstrainGO-1cel,terminal
oxidaseactivitiesinthecel weremeasured.
Cytochromec oxidaseactivity measured by
usingmammaliancytochromecasanelectron
donorwasnotdetectedinthemembranefraction
ofstrainGO-1cel,whileubiquinoloxidaseactiv-
itywasdetectedinthemembranefractionofthe
cel(datanotshown).SincestrainGO-1involved
cytochromec,endogenouscytochromecmaybe
usedasanelectrondonorforcytochromec
oxidase.Asdescribedabove,cytochromea,a
wel-knowncomponentofcytochromecoxidase
wasnotclearlyobservedinstrainGO-1cel,
cytochromeb,knownasoneofcomponentsof
ubiquinoloxidasewasinvolvedinstrainGO-1
cel,andHQNOinhibitedthesulfurandsulfite
oxidation.Theseresultssuggestedthatubiquinol
oxidaseseemedtobeinvolvedinsulfiteoxida-
tionandfunctionasaterminaloxidaseinstrain
GO-1 cel.The involvementofubiquinone-
cytochromebcomplexhasalreadybeensuggest-
edinthetransferofelectronsfrom sulfiteto
oxygeninAt.caldusstrainKUandThiobacilus
thiooxidans??????.
Thefolowingmechanismcanbeproposedfor
theoxidationofreducedsulfurcompoundsin
strainGO-1celfrom resultsobtainedinthis
study;tetrathionatewasoxidizedintheperi-
plasm andconvertedtosulfurwhichwasoxid-
izedinthecytoplasm,sulfurwastransportedinto
thecytoplasmandoxidizedtosulfite,sulfitethus
formedwasoxidizedtosulfatebyusingsulfite:
ubiquinoneoxidoreductase,andfinalyubiquinol
thusformedwasoxidizedbyusingubiquinol
oxidaseasaterminaloxidase.Thedetectionof
intermediatesduringtheoxidationofreduced
sulfurcompoundsandstudiesofenzymepurifica-
tionwil beneeded to clarify theoxidation
mechanismproposedinthisstudy.
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硫黄で増殖した AcidithiobaciluscaldusGO- 株による
還元型硫黄化合物の酸化機構
上村 一雄・澤田 竜子・杉尾 剛
（生物機能開発学講座)
硫黄で増殖した AcidithiobaciluscaldusGO-1株の休止菌体を用いて，還元型硫黄化合物の酸化機構を検
討した．GO-１株は，チオ硫酸，テトラチオン酸，元素硫黄，亜硫酸及び硫化物の酸化活性を持っており，
その最適 は，それぞれ２，３，３-６，７及び７であった．これらの酸化活性の中で，亜硫酸の酸化速度が
最も高かった．阻害剤やアンカップラーを用いて，還元型硫黄化合物の酸化への影響を調べた結果，DNPと
CCCPによる元素硫黄及び亜硫酸酸化活性の強い阻害，NEM によるテトラチオン酸及び硫黄酸化活性の強
い阻害，および HQNOによる元素硫黄及び亜硫酸酸化活性の阻害が観察された．これらの結果は，テトラ
チオン酸がペリプラズマで，硫黄及び亜流酸が細胞質で，それぞれ酸化されることを示唆した．細胞膜から
ピリジンフェロヘモクロームを調製して，シトクロームの構成成分を検討した結果，ヘム b及び cが検出
された．また，末端酸化酵素の活性を検討した結果，ユビキノール酸化酵素の活性は検出されたが，哺乳類
のシトクロームを用いて測定したシトクロームc酸化酵素の活性は検出されなかった．これらの結果に基づ
いて，At.caldusGO-１株の還元型硫黄化合物の酸化機構を考察した．
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